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ABSTRACT

This thesis is a study of @ computer controlled hydraulically actuated piston. The
svetem uses a Hewlett Packard HP8SB microcomputer as a controller. Included in this
research 1s a detailed computer simulation of the system with laboratory validation.
This effort supports the overall goal of complete study of microcomputer control of
electrohvdraulic power svstems by the establishment and simulation modeling of a
baseline svstem. Special emphasis is placed on modeling the effects of the computer on
overall svstem performance. It was found that sample period is one of the most
important factors influencing the ability to control a hvdraulic power element using a
microcomputer. Proper selection of the sampling period alone is not alwayvs sufficient
to insure the ability to control the plant. Other factors such as non-linearitics in the

plant may influence the ability to use a digital controller.
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THESIS DISCLAIMER

150 The reader is cautioned that computer programs developed in this research may
t;,& not have been exercised for all cases of interest. While every effort has been made,
' within the time available, to ensure that the programs are free of computational and
‘Q:‘,. iogic errors. thev cannot be considered validated. Any application of these programs
0 without additional verification is at the risk of the user.
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I. INTRODUCTION

A. BACKGROUND

Hydraulic syvstems in one form or another have been around for a long time.
These svstems have historically relied upon humans in the open loop case or analog
electrical circuits in the closed loop case for svstem control. In recent vears however a
quiet revolution has been taking place in the hvdraulic svstems industrv. With the
current rapid advances in digital technology hydraulic systems are fast becoming fertile
ground for the application of digital control. Not only are digital circuits being
designed for standard control functions but with the advent of microprocessors these
circuits are becoming “thinking” controilers. It is this trend which motivates the
detailed study of microprocessor controlled hyvdraulic systems.

The Department of Mcchanical Engineering has begun a continuing program of
study on the subject of microprocessor control of electrohyvdraulic servomechanisms.
The overall objective of the work is to provide some of the insights necessary for the
establishment of a comprehensive and svstematic framework embodying the design of
microprocessor-controlled electrohvdraulic servomechanisms. This thesis studyv follows
the initial work done bv Finch [1] in an effort to achieve this objective.

1. Advantages/Disadvantages of Hydraulic Systems

Hvdraulic systems offer several unique advantages over othcr power devices.
These svstems are well suited for applications where low component weight. high

accuracy, and heavy load movement is reguired. Merritt [2] states the following

specific advantages of hydraulic systems:
I. Smaller, lighter more compact components.
2. Hyvdraulic fluid acts as a lubricant which extends component life.

~

3. There i1s no phenomenon in hvdraulic components comparable to the saturation
and losses in magnetic materials of electrical machines.

4. Hydraulic actuaters have a higher speed of response with fast starts, stops, and
specd reversals possible.

S. Iwdraulic actuators may be operated under continuous, intermittent, reversing,

ard stailed conditions without damage.

6. Hydraalic actuaters have a higher stiffness so there is little drop in speed as
loads are apphed.
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7. Open and closed loop control of hvdraulic actuators is relatively simple using
valves and pumps.

There are some disadvantages to the use of hvdraulic systems and no
discussion would be complete without at least mentioning them. Merritt [2] lists these

shortcomings as follows:

1.  Hydraulic power is not as conveniently available as electrical power.

2. Small allowable tolerances result in high costs for the manufacture cf hvdraulic
components.

3. The hydraulic fluid imposes an upper temperature limit.

4. Hydraulic fluid may present a fire hazard.

5. Hydraulic svstems are messy.

6. Hydraulic systems are susceptible to failure due to dirt or contamination of the

fluid.

Although these disadvantages may preclude the use of a hvdraulic svstem in
some specific applications, their widespread use attests to their versatility and
usefulness. Hydraulic systems are of the most use in applications where relativelv high
power levels are required especially within confined spaces. This explains their
widespread use in aircraft control surface positioning, fin stabilizer positioning on
ships, and even as a means of propulsion in special applications such as on some
SWATH vessels.

2. Advantages of Digital Microprocessor Control

Until recently hydraulic systems have relied upon analog circuitry for control.
More and more these systems are being manufactured with digital control. Onc would
logically ask what advantages this offers over the proven analog controller. Aside from
the increase in reliability and decrease in signal voltages necessary, the major advantage
to digital control 1s the ability to incorporate a microprocessor in the circutt. This
improvement broadens the range of functions that mayv be included in the controi loop.
Henke {3] lists the following new functions for the controller:

I.  Closing the loop, replacing the analog summing point and conditioning the
error signal.

to

Pre-loop processing

‘22

Peripheral Processing

4. Adaptive Control
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Smurt Redundancy

=
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:. & Along with increasing the range of applications there arc other major
3 j advantages to the use of digital microprocessor control circuits for hvdraulic systems.
f.‘. N No doubt a leading advantage is cost. As the complexity of the control svstem rises
analog control circuitry costs rise dramatically. Although this trend is scen with digital
:;'."; " svstems the rise in cost is less dramatic. In addition. the cost of changing an analog
.': controi circuit once in place is much greater than a digital circuit which Incorporates a
:'. . microprocessor [4].
Another major advantage of digital microprocessor control is flexibility.
,E While analog circuits may require component changes and rewiring, digital
‘\" MICroprocessor circuits may require only reprogramming. This may be accomplished
:: ?‘* by either keyboard entry or by simply reprogramming a memory chip. This reduces
‘ the time and cost of making changes to the control system. It mayv also enable the
J{"; overzll system to be used for several functions rather then one specialized task.

“z

1!

3. Previous Thesis Work

SN In Ref. 1, Finch reports the results of his study of a microcomputer controlied
L ¥ hvdraulic motor. He used a 312K Macintosh computer and a preduct of GW
o Instruments cailed MacADIOS as as interface to control a hydraulic syvstem consisting
- of a hydraulic power source, servovalve and hvdraulic motor. In this work the
computer was used for both open and closed loop signal processing and conditioning.
- ¥
. Finch was successful in implementing the computer as a svstem controller and
e cstablishing a baseline svstem for follow-on work. He used Dvnamic Simulation
T Larguage (DSL) programs to predict svstem performance but his anaivsis did not
L include any digital microprocessor dynamics in these simulations.
.J .
g B. OBIJECTIVES
o
T Finch made several recommendations for follow on work. One of these was that
o piston actuator svstems be studied in further detail since “a large variety of hvdraulic
N svstems invoive the positioning of loads using a piston-type arrangement.” One of the
3 ‘ L I , . .
- main objectives of this thesis effort has been to study the hvdraulicaliv controlled
piston response in detail. A Hewlett Packard HPS3B microcomputer has been used as
- the svstem controller.  An additional objective was to model the computer dyvnamics
L for ¢ mcre accurate simulation of the overall system.
»e
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C. APPROACH

To begin the study a thorcugh understanding of the analog system was sought.
This began with a disection of the system into individual components so that a linear
mathematical model could be developed for each. The component equations were then
cembined and coded in a simulation using DSL. Step input performance predicted by
the simulation was verified by lab testing. Once the analog system was fully
understood and confidence was gained with the simulation a microcomputer control

svstem was added. Adding this system required the construction of a digital or discrete

time model to represent it. This was then combined with the analog model to develop
the overall digital svstem simulation.




e II. ANALOG SYSTEM

»
L)
,,'_' A. DESCRIPTION OF THE SYSTEM
< he test bench set up used for expenimentation includes: a hvdraulic power
h ) source (10 gpm @ 1000 psi). a Vickers SM4-13 flapper nozzle piloted servovalve. a
J Sheffer double-acting hyvdraulic piston (with 6 incnes of travel), and a Vickers
W . . . - N . . .
. servoamplifier with a built in regulated power supply. Figure (2.1) shows a simpiified
I
! svstem drawing which represents the analog configuration.
2
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- Figure 2.1 Analog Svstem.
"
b
J Tigure (2.2 is a schematic representation of the servoampiifier. While the
" ampiior has many capabilities, onlv the power stage preamp and power stage oulput
s . . L. . -~ o y . .
br sections are used in this research. Reference and [eedback voltages varving netween
Cad
. —12 and -12 volits are applied to the power stage preamp input (terminals 4 and 3.
5 These veltages are summed internally and the resulting error signal passes through the
& amplifier 10 the servovaive. The servovalve pilot-stage is driven by two 20 onm coils in
b parailel which give it an equivalent resistance of [0 ohms. The current suppiied tc the
.«
I servovaive is iimited in the power stage preamp ¢ 200 mA to prevent damage to the
‘.
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b coils. The power amplifier gain may be varied from 110 to 1520 mA, volt. Figure (2.3)

K shows the relationship between current output and voltage input of the servoampiifier
.:! at the txo extremes of the amplifier gain.
A\.: B. COMPONENT EQUATIONS .
i 1. ServoValve Dynamics
' The servovalve used was found through experimentation to be slightly open .
) centered but will be considered critically centered for the purposes of modeling. (The
| degree of open centered behavior is so slight that the more complicated model is not
: warranted.) The general equation describing the operation of a cntically centered
\; spool valve is:
3 Q = Cgwx (o)~ - (P -P) 72 (2.1)
Y
)
:: Qp = flow through the load
N C4q = discharge coefficient
k- w = area gradient
¥ x, = valve spool displacement
\ ol = mass density of the hydraulic fluid
i P, = supply pressure
P = load pressure drop

Modification to Eq. (2.1) is necessary due to the difficulty in directly

measuring valve spool movement. To reflect this, the following parameter which

4 relates valve spool movement to current applied to the valve torque-motor coils, is
o detined:

[

5 X
! Ca¥ v .,
K = /2 (- <!

7, Vo) I
r:
8

’.

£ With this substitution, Eq. (2.1) becomes:

L 1/ .

“ _ 2 (2.3)
% Q=K I(Pg Py)
‘-
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¢ K, = valve current transfer coefficient

'." . 101 1.

. (3.52x10"3in3 sec-ma-psil )

N .

K | = current supplied to the valve

~ Note that the use of the modified valve current transfer coefficient presumes a linear
™

relationsnip between the current supplied to the valve coils and valve spool position.

-
.

Experiments have proven this to be a valid assumption.
¥) Equation (2.3) must now be linearized to facilitate modeling and studies of

svstem response. The no-load null valve spool position is chosen as the center point

T, s

. for the lineanization. Reasons for this choice are “svstem operation usually occurs near
o) . . L. .. . .
this region, the valve flow gain is largest, giving high svstem gain, and the flow-
o pressure coetficient is smallest, giving a low damping ratio. Hence this operating peint
5 s the most critical from a stability viewpoint, and a svstem stable at this point is
) usuaily stable at all operation points.”{2] The lineanized form of Eq. (2.3) is:
0]
> P
s Q =K JAI-K ; 8 2.4)
» L qi cl L ( .
>4
S
D where
B~
: v,
, = P _-P.)
" Kqi K, (P_-Pp )
&
i
" Kgi = modified null flow gain
I
< 0.5 KA
« .=
>y Kei ;/z
¢ p _-P
. ( s L
L4
4 . . .
48 K. = modified null flow pressure coefficient
."
>y Subscript O refers to conditions at the operating point and a 4 denotes departures {rom
Y . . . . .. . . .
o this point. Since we are linearizing about the nuil position, ie. Qpy =9 I =4, and
Pl PLO =0, Eq. (2.4) may be written:
"‘.. = . —K .P . - )
v QL quI ci'L (2.5)
K -
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2. Piston Dynamics
For the piston actuator the model suggested by Merritt (2] is adopted as
Sollows:
v, p
Q.=A % +C, P+t L |
L p'p tpL (2.6)
4 Be

where the (®) notation indicates rate of change and

A = piston area

Ctp = total leakage coefficient of piston

V. = total volume of piston chamber and supply hose
e = effective fluid bulk modulus

The rotal leakage coeflicient is given by: |
c,__=C, +0.5C
tp 1P ep
where
Cip = internai leakage coeflicient
Cep = external leakage coefficient

For the system under investigation in this study, the external leakage has been

=C,_.
. . . p .« Ip
transformation (with zero initial conditions), Eq. (2.6) becomes:

determined to be negligible and C, With this simplification, and after Laplace

QL(s)=Apsxp(s)+C {s)+C sPL(s) o=

tpPL cp

-

where the Huid capacitance is

3. Load Dynamics

he load 1s modeled as a simple spring, mass, damper svstern. [n the general

— .o o
Fg-Atxp+spﬁp+pr+~L (2.3
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where

= & Ay e

" Fg = force developed by piston
M, = rtotal mass accelerated

R Bp = viscous ioad damping coefficient .
\ N = spring load constant
; Fi = arbitrary load force on pisten .
4
. The force generated by the piston i1s determined by the piston area, the load

pressure drop, and an etficiency to account for losses in the actuator. In this specific
application there were no spring forces so K=0. The equation is now transformed into
[}
the Lapiace domain wita the the foliowing result:

=M s? +B +F (2.9
anpPL(s) M. xp(s) psxp(s) L

. .-

C. AMNALOG SYSTEM MODEL

Now that the linear mathematical model for each component of the svstem has

\ peen developed, these equations can be combined to formulate the model for the
) . : . : o
¥ hyvdraulic power element with servovalve curreat as an input. First Eq. (2.3) 1s equated
to Eq. (2.7) to ehiminate Q. This combined equation is then rearranged to express P
as a function of the input current and the piston velocity. The result is:
'\
b (X, T-A_sx_(8)) (i) (2100
qi PP Kei*Cip o
P_(s)= =
u L Cen
' %tV
s ci “ip
¢
Alter rearrangement. Eq. ¢2.9) may be writien:
: 1
~ A _P_(s)-F
: (pr() L)(B:>> .
i - - ¥
" sx_(s)=%_(s)=
, e My
-_— + 1
(5= s )
P
A . . . . ~ . ~ vy
. Eguations (2.10) and i 2.11) suggest the definition of two time constants, as foijows:
. 1S
3
§
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N 2 where Kce=Kci"'Cip (effective leakage coefficient). The resulting block diagram s
0 shown in Figure (2.3).

—

-t
=

|

‘(si K_. P e x_{s 1 s
_..1 ; T P F_sel s b e -

b Figure 2.4 Analog Svstem Block Diagram.
N

N D. ANALYSIS OF THE SYSTEM

el Frem preiiminary lab observations the closed-loop analog system exhibits first
' order response behavior at low frequencies. It is clear from Fig. (2.4} that the
" hvdraulic power element is third order. In an effort to understand this apparent
,‘: contradiction further analytic analysis ¢f the svstem 1s necessary. The results wiil <erve

s 3 b“:C:".Inark for the computer Simulation and svstem expenimentation. of orime
)
U

. e

Mlerest are the svstem ume constants and break frequencies.
R0 First some block diagram reduction is useful. Under no-joad ¢ Fp=one piseen

N ve.ocity may be represented by the following transfer tuncuion:

Y sxp(s) _—_
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With some further simplification Eq. (2.12) may be rewritten:

K v
P 2
h h
where: anD
Bche
Y Nedg
1 + [ N
B X
p ce
1+ ano
L, e “plce
b=
T,
Tl + T2
27, =
A anD
W
h 1+ gg-
Bche

Recall ch incorporates the piston internal leakage (Cip) and the modified null
fiow pressure ccetficient (K ;). [t is known {rom experimentation and observation of

- _ﬂ . 3 . - . .
the svstem that C. | ois on the order of 107 in” sec-psi. What is necessary is o

p
extimare the range of values over which K will vary. Referning to Eq. 12,44 the
Toeimam vatue of K wall occur when [ s 200 mA and the valve s il open.
b JE, .t el .1 v _ : - (1 . mp NPT Ry
Purtng nothe vaiges for this apphicaucn +P =800 psi, Py =01 we obtamn 4 vulue of

012 :n” sec-psi. A lower bound must now be tound. According to the servovaive
manufacturer the maximum quiescent {low at the null vaive position is .35 gpm at
Ity s The svstem used for experimentaticn was run at 800 psi so one wouid exrect
that using the 3000 pst quiescent flow figure would give a conservative estimate of the

“over mound. Lsing this figure for the lower bound the overall range of values for K.,

20
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is from 5.0x107 ins,‘lb-psi to 1.2x10°2 in3,’lb-psi. In response to step inputs, the valve

is fully open for a majority of the time so that a value of 1.4x10°3 ins.lb-psi has been

& & K 3

selected for Kce under these conditions.

Noting that K, and B are verv smail so that division by their product is a

p
number which is verv much greater than 1, the f(ollowing simplifications to the
constants of Eq. (2.13) are made:

1

K:——
A

P p

W gl S o = he S g
3
>
N

s S
=
—

27

L}

Bp ce

The final block diagram of the closed-loop system is shown in Fig. (2.5), with G 4
denoting the power amplifier transfer function (assumed to be a simple gain in this

analysis).

G I 6. x| x (s)

\'4

Figure 2.5 Closed Loop Anuiog Svstem Block Diagram.

Frem this block Jdiagram the overall transter function is gziven as:
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I~|.
A K .
N gl
X G g1
3 : D(s) ) A(s)Gp(s) < (2.19)
_.,ﬁ; er(s) I+ I*I(s)GA(s)Gp(s—)KQi
i ’ s
W
)
::\. When doing laboratory experiments the output (xp) is compared to the input (e;)
¥

n in its teedback form €5 Noting that ep(s)= H(s)xp(s) and making the substitution for
[N
the plant transfer function the closed-loop transfer function becomes:

(N e_(s) K

X D = ’ 15)
) e _(s) (2.
o r s(=52 +2%h s + 1) + K

Ny Wh -mh

> where
he Y K= GA(S)KPH(S)qu

.‘ In order to make an estimate of the break frequencies of the closed loop system
'O some work with the characteristic equation is required. The characteristic function of
i

i Eq. (2.15) may be approximated as:

+K . -
(s+K) [s +(20, 0, K)s+u, ]
4 under the condition that
J 20 pop—k=0

(! . . . . .
"3 This condition is satisfied in the present case and Eq. (2.15) mayv therefore be
) approxumated as:

(2. 1600
D ~h

- The wvalues for K and ¢ are 20 sec’! and 261 sec”! respectivelv (see Appendix A for

. constant values used to obtain these results). This vields a break frequency and

hvdraulic natural frequency of about 4.8 Hz and 31.6 Hz, respectively.

-

* A
;.l.

LI 2]

Y )
- .
LW IARN

A A A A AT o N R 0 T e ST A et e e s S s
te,, RGP N ety 0t DA L - ' ;




wm e ol Al abe Adn Ala Ade Al Aus She At al -z—vvv\'vv'vvv':vv:v-:-v-u-u-u-w-.'

The conciusicn to be drawn from this analves 1s that the analog closed loop
svstem acts iixe a first order system for low frequencies and a third order system with
minimal damping at the higher frequencies. The hvdraulic power element has very low

damping which would make 1t unstable were it not for the integrating eflects of the

s K term in the characteristic equation.

..
¢
"
"

E. FREQUENCY RESPONSE TEST

To wverifv the araivtic results of the previous section, frequency response tests
were conducted. The resuits are shown in Fig. +12.0a and 2.6b). From these figures two
break !{requencies are observed within the range of measurable system output, one at
2.7 Hz and one at 13,8 Hz. The second break frequency lies near the value estimated

for the servovalve, which heretofore has been modeled as a simple gain.
Although the frst break frequency of 2.7 Hz. is less than the predicted value of
8. this can be explained, at-least partally, by the uncertainty in the values ieading to
this estimate. In additien, the amplitude of the input sine wave in these tests caused
the valve to be actuated over 43 "o ol 1ts range of motion to either side of null. Such
lirge excursions mav be outside of the region where the valve How linearization 1s
valid, with the result that the amplitude plot is attenuated below the predicted linear
resporse. In any case, the predicted dominance of the first break frequency 1s veritied

by the tests,

F. MODEL VALIDATION

Once a thorough theoretical understanding of the analog system was achieved a
DSL simuiation was writien using Fig. (2.4) and Fig. (2.5) as guides. The simulation
code is given n Appendix A, Figure (2.7) shows a comparison of experimentaily

obtained data and the model for a 0.195 in. step input. Agreement between predicted

and actua! performance is good at low step inputs however as the size of the step |
increases the modei prediction becomes less accurate. [igure (2.8) shows a 1.783 in.
step input response. Step response comparisons for steps between these values are
aiven i Appendix B.
The most likeiv explanation for the degradation of model performance as the step
size increases has to do with the valve linearization. Since this linearization was done
around the nuil valve position one would expect more model prediction error with

imcreasing step vize. This is because as the step size 18 increased large excursions of the
= ¢

valve are required. Eventuaily the step size becomes so large that the valve goes to the
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fully open pesition. Once this occurs increasing the step size further causes the valve
to remain 1n this fully open position longer.

Still ancther explanation lies in the values of some of the constants used. The
model is sensitive to changes in the load damping constant (Bp) which was obtained
empiricaily. The model also shows sensitivity to the value of the modified null flow
coetFcient (K¢;). Both of these constants were refined from initial estimates to obtain
the model performance shown in Fig. {2.7) and Fig. (2.8). Similar performance may
possibly be obtained by the variation of the actuator efficiency (" £) and the value for

the effective bulk modulus (Be) which are also empirically based.
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II. DIGITAL SYSTEM

A. DESCRIPTION OF THE SYSTEM
The digital system includes all the components of the analog svstem plus the
following Hewlett-Packard computer and interface equipment which together comprise

the microcomputer control svstem.

HP 85B computer
HP 82901M twin f{lexible disc drive
HP 7470A plotter
HP 6942A muliiprogrammer with:
2 A D converter cards
1 D A converter card
I high speed memory card
| memory expansion card

I timer pacer card

Figure (3.1) shows the complete digital system. Where previously the reference
signal was fed to the power stage input (terminal 4) on the servoamplifier the error
signal from the digital controller is now applied. The feedback signal is fed to the
digitai controller so that the differencing operation is shifted from the servoamplifier to
the microcomputer controller.

The operation cf the svstem under study begins with the operator entering a
Jdesired position in inches at the microcomputer kevboard. At this point the computer
algonthm {see Appendix C) samples the feedback signal to determine the load position.
This information is passed through the controller portion of the algorithm and an error
signal is generated and sent to the servoamplifier. The generation of the error signal
continues until the load reaches the desired position. The algorithm includes a position

checking routine “which maintains the commanded position until a new value is entered

at the <evhoard.
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Figure 3.1 System with Digital Controller.

B. DIGITAL COMPONENT EQUATIONS

1. Application of the Analog Component Equations
The analog component equations developed in chapter two are applicable to

the digital system with digital control. Thev coilectively will comprise the plan: model

which the microcomputer con‘rols.

2. Computer System Dynamics

To model the computer dvnamics a digital or discrete time model is necessary. 4
Arcas important for consideration in the construction of this model are: understanding

the meaning cf sampiing rate, modeling the effects of sampling, and modeling the tvpe 4
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of plant control used. The sampling rate is not merely the time the analog-to-digital
(A'D) and digital-to-analog (D'A) converters take to process signals. It must also
include the time taken for the controller algorithm to process the input signals and
generate an output signal. Thus the sampling period “T” is the total time which
elapses between sampling of the {eedback signal and transmuttal of the error signal.

The etfects of sampling are more clearly understood if first an example of how
the syvstem operates is presented. Let us say the load is at the center (null) position.
At time t=0 a l-in. position is requested at the keyboard. This causes the position
feedback input to be sampled, inverted and summed with the requested position. Next
the summed signal is passed through the controller algorithm and the resuiting error
signal transmitted to the servoamplifier. The error signal remains at this level until one
sampling period (1T) has elapsed and it is updated. For example, if the sampling
period were 100 ms and the inital error signal 10 volts, 10 volts would be continuousiv
sent to the servoamplifier for a period of 100 ms. Then presumably the error signal
would be updated to say 5 volts and 5 volts would be continuously sent to the
servoamplifier for the next 100 ms etc.

In the analog system a smooth continuous error signal resulted from the
summation of the reference and position feedback signals. In the microcomputer
control system the error signal produced is a continuous series of steps. A signal of
this form is said to be "quantized.” The steps have a duration of one sample period. If
the sample period is too long then the error signal is not changing fast enough to
control the system. This will cause the svstem to be unstable. To prevent this, a rule
of thumb adapted from Shannon’'s Sampling Theorem is used. The rule suggests that
the sampiing frequency be ten times as large as the highest break frequency of the
svstem.

One of the ways to model the behavior of the microcomputer control svstem
is shewn in Fig. (3.2). While there are several tvpes of holding devices the zero-crder
hold is best suited for this application. The zero-order nold takes in a digital vaiue an
cutputs that value continuousiv until one time period has passed and it receives an

MEeSs A

@}

updated digital value. The input to the zero-order hold is eT(t) !where the (%) den
digital or discrete time signal} which is the error signal generated byv passing tie
summed signal e:(t) through the controiler G.. The output from the zero-order hold
is e(kT) the quantized error signal. The combination of the switch and the zero-order

hold represent the DA converter.
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Figure 3.2 Microcomputer Controller.

The plant controller G, represents that part of the algorithm which contains
the controller logic. This logic can take the form of a simple gain or be more
complicated such as a proportional-integral-derivative controller. To model this a
discrete time representation of G must obtained. To help illustrate the process an
example is presented. The approach begins by obtaining the Laplace domain
representation of the controller transfer function {G.(s)}. Say the controller uses

integral control action. This is represented in the Laplace domain as:

*
(s) K. (3.1
Gc(s) = f =
e

Next G {s) must be transformed to the Z or discrete time domain by obtaining the Z-
transform. This may be done by one of three methods: by transforming first to the
time domain and then to the Z-domain (the rigorous approach}, by an approximaticn
me:hcd such as Euler’s or backward difference, or by using taples. For this exampie 1
tatie was used to obtain the foilowing:

J*
e (z)
Glz) = f| = Kiz (3
e (2) z-1

Dividing the top and bottom of Eq. (3.2) by z the following resuits:
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*( ) K.
e (2 1
’a.‘l — e — (3.3)
B G(z) = * ! - -1
2Ty
Vi e (z) 1-2
.f‘lQ' e
et . .
‘o With some rearrangement Eq. (3.3) can be written:
?
o * * ¢ * -1 3.3
R e (z) = K,e z) + (5
. o (2) ;€8s (2) e, (z)z
Y,
(R
»:".
::. ) The inverse Z-transform is now taken for each term of Eq. (3.4) to obtain the discrete
LMY . st
i) time model.
R’
S * * ! * - =
, (3.5
: e (t) = K, + -T S
{,' o () Kieg (%) ee(t T)
X
3
;.l‘_
- » * . . .
£ The eq(t-T) term represents the value of e, (t) one time period backwards and is knowr
} ~ - ~ N . . - . PR
_:.”:; as the first past value of ¢,(t). Had the e, (z) been multiplied by z %in Eq. (3.3) then
. , . . - . . *
"'~, this would have inversely transformed to e.(t-nT) which represents the value of e, (thn
bl time periods in the past.
oy, Had Eq. (3.3) been more complex a more rnigorous approach would have been
:33" emploved. The equaticn would have been arranged in such a manner as to permit its
DY representaticn as a geometric series or a combination of several geonietric senes. Then
'l,. . ~ . . .
e the remainder of the procedure would be followed as in the previous example with the
> . . - y
o complicaton that rather than a finite number of terms the number of terms in Egq.
f, - N . . N
.‘ ¢3.5) for example! would be infinite. A decision would have to be made as 0 how
-"; TAGTY 12rms 10 use to approximate the series. Usuallv onlv the first few terms are
» . . . . . . .=
. resded o vield suilicient accuracy for modeling.(3.6]
e Fer this specific appication a proportionai contraiier is used <> that
Ay . . . o .
"gt.‘ G.=K,. [n ths case it is not necessary 1o 2o through the vancus transiormuatons
e . S - :
-.' since K, 1s merely a constant and remains so in the discrete ume Jomain.
)/ ) e
L] -
. C. DIGITAL SYSTEM MODEL
4
N The Jdigital svstem model is a combination of the continuous time plant maedel
w . .. . .
- Jeveleped in chapter two and the dJiscrele time mucrocomputer controser model
*:' i
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explained in this chapter. The block diagram of the system model is shown in Fig.

(3.3
e (&
() Kes x, (s)
G z - e
c A CH GA Gp =

r3

Figure 3.3 Digital System Model.

D. MODEL VALIDATION

Once confidence was gained in the validated analog simulation, coding was added
to model the microcomputer control syvstem. The biggest problem in obtaining an
accurate simulation was predicting the vajue for T. A value of 0.35 sec was chosen
pased on turmung the execution of the centroller segment of the computer algorithm.

Using this value and K .= 1.0 the simulation predicted a stable limit ¢vcle response to
g P K

pc
an size step input. With Kpc=0.05 the simulation predicted stable responses to
varicus step inputs siumular to those obtained from the analeg svstem. At this point lap
vandatucen cf these results was attempred.
The prediction of perrormuance with K

=10 w heative'v correc® :':«‘!‘
e = 10 was qual tativelv correct. Stahle

N..= 003 was attempted. AU fHrst it appeared that agun the simulaten had predicted
tne performance accuratelv. As tume wore Sn however step responses became more

and more oscillatony until once again, stable irmut ¢vele response 1o anv size step was
A < z R b

Atter some thought it became clear that what had vaned over the tme of

a

thie tesung was the temperature cf the ol At the beginring of the tests the ou
1 -2 ~ "'d ; M H

termperature was between 63 F and TS5 F and stabje step response bebuavior was
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ct! heated, more and more oscillatory response was ohseried
Finalv, around S3°F limut cvele response resuited. With these find :NgS An operating
temperature range of 100°F 1o 110°F was chosen {or the remainder of lub testing. This
iy o010 say that the fauure of the nucrocomputer (o control the piant s wo2iv a4 resuit
wanatons inothe on temperature. In fact the anaicg system was stable regariless of
the remperyture and one would expect simular performance from the digitat svszem.
The svstem periormance with regard to oil temperature is interesung o note. B
'wav ol explanauoa of this behavior as the temperature gees up the oil wiscosty
Jecreases bv a factor of about 10 in the range 63°F to 100°F. This in turn decreases
the viscous damping on the already highly underdamped plant. This 1s true for hoth
the ana.cg and digitai svstems, however, and suil dces not expiain the fuiiure of the

AL simuwaton o accurately predict svstem  performance, given an  adegudie

[

sampunz :'requency,

One of the cntical parameters for stable digital control 1s the sampie period
Using the rule 9 thumb suggested by Shannon's sampling theorsm a samping nenod
of no mere than 29x10°3 sec should be used. This value is obtained asing the vaiue of
the nvdrauie natural frequency as the highest plant break frequency. This insures a4n
adegquare sampiing penied but does not account for etfects of changing the conirsier
ga:n. Reduang the centrolier gain siows the response time of the entre sustem and
thus 2 onger sampling pericd mav be tolerated. To reflect this a slight vanaton ot the
riie of thumb s used. Rather than using ten tmes the highest break frequency. ten
mes the open lecp bandwidth of the svstem frequency response s empicted. The
Candwidth s approximatery K. the open icop gain. With KP Loa sampie penncd ot
SNI077 sec was obtained. This means our controder is sampiing 100 slow.y 10 conirn.

=0.05 a1 <ampie period of 0.3 sec is obtained. Thus indicares that

jale
:
the digral controder using this gain sheuld be able to control the pilant. This sorves oo
samstantioe tne predictions muade Dy othe simiuiation dut dees not help exroan ©
cererm U it OV periormande even Wi The Lower Controlier Tan
Newlomvestuted was the digran Lognds GUowas et ot pernars o DS
CATOTD oD wers notpertornung ws expected. Theresponse 1o Y sten was regne e
ind The wades IOroIne position (X, tne current <uppued o the servevave Looand o
o
- . T . e 3 . { “ i i 1 - “ . e . - PN
error sianal valdes were ohserved. A porton of the Jata run s ncuded o Amrenon
Lo Tne dury andicanes thar sne Jioval fowe anciuded anothe smuanon s woras
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Pae oreason oo- che falure of the wantad smlanon oo predict the ssstem
merarmonce remuns untound ey felt by the researcner that the logie used in the
Sl s orrect Limie consirants proventad the msestizatoon of other possihianies
o canee, T saveem e dunta oontral mias heomiore sensitive o the none
Loane anerent onotne pan Phas wouad enpian whe the analog model gane
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Leoteuritos et e regured toooamprove  the dnptan osimaation predienion
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IV. CONCLUSIONS AND RECOMDMENDATIONS FOR FOLLOW ON
WORK

A, CONCLUSIONS
Micracompater control o Bvdrawicadiv actuated svstems s possible and otfers

man

Advaniages ver conventonal analeg control. Of extreme mmpertance in digital
Control s the sampie peried. Seiection of control hardwuare software should not be
Lindertanen wth ut ra ;:;dcr\:udn‘.g che plunt. An estimate of the hoghest breck
oo nenet st te obtaned to deternune the necessary samphng pernted. Onlv atter
Ao~ Jeternuned canoone propers select hardware sottware tor the plunt controller.
But proper seiccnon of the samphng penod s not enough. Non-imearities m tae plant
man o cedse Lstabiaties o the Gigitadivocontrolled svatem. ooas theorized by the
cosearchar thae carther reductone n the sample pentod will overcome thie prebliem tor
eowveerem aradieds Troas ot possable to veniy this, but the tact that th umkxlcg
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B. RECOMMENDATIONS FOR FOLLOW ON WORK
' Valve Linearization

Oro o the greatest weaknesses of the analoy and Jdigital models

-
~
b
—

soarnoeton s the wadve Pow equaran Mudh ot the timie the valve e aperating 40 tae

ather than null position. Because a chotee of one position had to

U U or s rheas resdrdht the null rosition was most Logica {or reasans aresds
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j wiil help to "urther cenlirm the analvticai theory presented and more accurately fix the

e . . :

4 empimcally obtained constants. This work can be done with a spectrum analyvzer.
. v 2. Model Supply and Return Pressure Dynamics

. in the exisung model supply pressure was assumed to be constant and return .
: Aressure was assumed 1o be sero. Since there was no accumulator in the supply line of

'-: the sustem under studv the supply pressure varied slightly with demand. Return )

fressure aithough low o was not zero. Inciusion in the model of these effects may

; STLDTON O MU0 HCUTdCY.

>

X : «. State Space Modeling

‘ In crder to obuuin 4 linear model of the system under study some simplifing

) asstnrtians were made. One of these assumptions was that the arbitrary load force

- on the puton b+ was zere. This may have been an oversimplification and may be

” the reason the digital vimulation dees not accurately predict system performance. Fp

. rrprosents frienion forces which are non-linear and vary with piston velocity and

.
p

frectitn A slate pace representation, where Fyois included as one of the state

. variates, v canunate thus preblem and improve the digital model performance.
N *. Influence of Temperature on System Performance
) S-abiey dependence on temperature was observed during testing of the digital
svstemn Adthough s xnown that higher fluid temperatures decrease viscous damping
i thus have an overall destabiizing eflfect on the system, other less-obvious .
Y
N cempereture eilects v g0 e ampertant. The reative insensitivity 1o temperature
a} '
" Lodder anade s control s anamportant issue vet te be resolved.
N
¢ Data Acquisition System
. Lhe present HP mucrocomputer svstem has the capacity to be used as a
.~ conrroner and data acguisinion sestem Al hardware required 1s in place, but tume did
.
> v et the Jovelopment of software to implement the data acquisition carabilities
) Thooserem oy would be uselal tor further studies of the hvdraulic power clement
ot woark performed T support graduete diasses i advanced controis
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1!:: APPENDIX A
ANALOG SIMULATION CODE (DSL)
o
()
féﬁ‘ . * SIMULATION OF THE VALVE CONTROLLED PISTON
* (VCP) SERVOMECHANISM
N * (LINEAR ANALOG CLOSED LOOP MODEL)
b *
N * (BLOCK DIAGRAM CODING)
l'-'. >
e k*******)’t**7‘:*******k*7’<****GLOSSARY******k*********7’(*******************
‘J ® *
b ~ AP = ACTUATOR EFFECTIVE AREA, IN**2 *
! * BETAE = EFFEZTIVE BULK MODULUS, PSI *
S * BP = LOAD DAMPING CONSTANT, LB-SEC/IN. *
P * CCP = SFFECTIVE CAPACITANCE OF TRAPPED FLUID, IN**3/PSI *
%) * CIG = INPUT 3AIN, VOLTS/(INPUT IN IN) *
% * CIP = ACTUATOR INTERNAL LEAKAGE COEFFICIENT, IN**3/SEC-PSI *
"iﬁ * EMAX = MA¥IMUM VOLTAGE FOR FEEDBACK TRANSDUCER *
i * IRR = ERROR SIGNAL JUST AFTER SUMMER, VOLTS *
" <~ ZTAF = ACTUATOR FORCE EFFICIENCY *
:2; = FL = EXTERNAL APPLIED LOAD FCRCE, LB *
A ~ G = LCAD SPRING CONSTANT, LB/IN. *
s - GA = SERVOAMPLIFIER OUTPUT GAIN, MA/VOLT *
(20, <y = FEEDBACK GAIN, VOLTS/IN *
) I = LIMITED CURRENT SUPPLIED TO SERVOVALVE, MA *
A ~ 10 = LINEARIZATION MIDPOINT FOR VALVE CURRENT, MA *
- < IMAX = SERVO VALVE MAXIMUM CURRENT, MA ~
f; * IREp = LIMITED CURRENT REQUIRED, MA <
. - ¥CE = EFFECTIVE LEAKAGE COSFFICIENT, IN**3/SEC/PSI *
) « FCI = YALVE FLOW PRESSURE CCEFFICIENT, IN**3/SEC PSI *
o * ¥5I = LINEARIZATION CONSTANT FOR VALVE FLOW GAIN, IN**3,SEC MA <
o < ¥y = MODIFIED VALVE FLOW GAIN, IN**3/SEC-MA-SQRT(PSI) ~
al. - T = TOTAL ACCELARATED MASS, LBS*SEC**2/IN -
1}} ~ BL = LIMITED LOAD PRESSURE DROP, PSI *
‘. - PLY = LINEARIZATICN MIDPOINT FOR LOAD PRESSURE DROP, PSI <
5 * PLL = UNLIMITED LOAD PRESSURE DRGP, PSI =
- * ZLMAX = 2NIMUM PERNISSIBLE LOAD PRESSURE DROP FOR MODEL. PSI *
v < PS = SUPFLY PRESSURE, PSI *
n - g = FLOW FOLLIWING SUMMER, IN**3/SEC *
e - 3L = LIMITED VALVE FLOW, IN**3/SEC =
Y \f: 37
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* QL1 = UNLIMITED VALVE FLOW, IN**3/SEC *
* QLMAXZ = MAXIMUM PERMISSIBLE VALVE FLOW FOR MODEL, IN**3/SEC *
* VT = TOTAL VOLUME UNDER PRESSURE, IN**3 *
*oup = PISTCN/LOAD FOSITION, IN ®
* ZPD = PISTOM/LQAD SPEED, IN/SEC *
* XR = INPUT OR COMMANDED PISTON/LOAD POSITION, IN *
* *

*

x
*
INITIAL
I =0.0
XP = 0.0
XPD = 0.0
+
CONST AP = 1.46, 10 =0.0, GA = 110.0,
3P = 133.6, KV = 0.00352, EMAX = 12.0,
CIG = 4.0, MT = 8.517E-02, ETaF = 1.0,
CIP = 3.1E-03, PS = 800.0, IMAX = 200.0,
FL = 0.0, PLO = 0.0, OLMAX = 9.95606,
G = 0.0, VI = 44.0, PLMAX = 400.0,
H = 4.0, BETAE = 3.0E04, KCI = 6.0E-03
*
PARAM XR = 1.765
~

* THIS PART OF THE CODE DEFINES SOME OF THE CONSTANTS
*

KCE = KCI+CIP
KQI = RV*(PS-PLO)**0.5
CCP = VT/(4.0*BETAE)
Tl = CCP/KCE
T2 = (MI/BP)
B
DERIVATIVE

* THIS PART CF THE CODE IS THE PLANT FROM THE ANALOG BLOCK DIAGRAM

*

Q = I*KQI-XPD*AP
Q2= G/KCE
PL= REALPL(0.0,T1,Q2)
F = PL*ETAF*AP-FL
Fl= F/BP
XFD = REALPL(0.0,T2,Fi)
Pl= INTGRL(0.7,1PD)
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¥p =LIMIT(-3.0,3.0,XP1)

*
*
DZNAMIC
*

* THIS FART OF THE CODE REPRESENTS THE SUMMER AND THE AMPLIFIER GAIN

ERR = ((XR*CIG)-(XF*H))
IF (ERR.GT.1.6.0R.ERR.LT.-1.8) THEN
I=2C0.0*AaBS(ERR)/ERR
ELSE
I=ERR*GA
ENDIF
CCNTRL FINTIM = 0.50
SAVE 0.010, ¥P
PRINT 0.010, ZP

CRAPH (DE=TEK618) TIME(UN='SEC'), XP(UN='IN')
SEL LINzAR CLOSED LOOP ANALOG MODEL
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APPENDIX B
ANALOG MODEL VALIDATION DATA

5

0

S)
0.4
i

\]
P

[

0.3
!

0.

S LEGEND
g = EXPERIMENTAL DATA

0.1
L

POSITION (INCIII

MODEL DATA

0.0

0.000.05 0.19 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
TIME {SECONDS) ' ]

Fizure B.l  Analcg Svstem Step Response (0.4088 in.).

i :

= | =

z : .

- - !

= | LEGEND

T | = EXPERIMENTAL DATA

S | = | ZMODEL DATY
’ ! |

0.000.05 0.t 0.15 0.20 0.25 0.30 0.35 0.40 0.5 0.50 |
Z TIME (SECONDS) ‘

Analog Syvstem Step Response (0.633 in.).
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""" s LEGEND
4l ¢ EXPERIMENTAL DATA
IR o MODEL DATA .

0.000.05

0.10 0.15

0.20

0.

25
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A\ Y

TIME (SE

Figure B.3
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[
e
[}

0.30 0.5
DS)

Analog System Step Response (0.8625 in.).

ot

0.000.05

0.t0 0.15

A}
TINME

0.20 0.25

0.30 0.35 0.40 0.45

(“ECONDS)

Figure B4 Analog Svsiem Step Response (1,11 in.).
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E o] . ) K .
:: - //,/‘ ] LEGEND
neqd &£ 0 ) o EXPERIMENTAL DATA
S_| % . | ZOMODELDATS
-7 !

=

, 0.000.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
- TIME {SECONDY)

h
: Figure B.5 Analog System Step Response (1.32 n.).
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Z
el LEGEND
7z EXPERIMENTAL DATA
S = S T o _MODEL DATA ____
: 0.000.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
TIME (SECCNDS)

Figure B.6 Analog Svstem Step Response (1.57 in.).
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APPENDIX C
MICROCOMPUTER CONTROL SYSTEM ALGORITHM (BASIC)

i0 REM CLOSLOQP
20 REM
30 REM THIS PROGRAM IS FOR
40 REM CLOSED LOCOP POSITION
REH CONTROL OF A
REM HYDRAULICALLY ACTUATED
REM PISTON
0 REM K=KPC
930 REM
1200 K=.05
110 SETTIME 0,0
120 O KEY# 1,"INTERUPT" GOTO 130
130 DISP "WHAT IS LDESIRED FOSITION ?"
140 DISP
150 DIsP "INPUT -3.0 TO 3.0 INCHES"
160 INPUT P
17C CLEAR
180 KEY LABEL
1920 x=P*3,3333
<20 JUTPUT 723 ;"IP 8T"
210 SENT 7 ; UML MLA TALK 23 SCG 1

Qo O

o ~J o O

220 ENTER 7 ; F

220 Z=(R-F)*X

240 S=SGN(E)

2527 IF ABS(ZE)>10 THEN E=S*10

2e0 oUTPUT 723 ; "OP 3" ,E,"TH
270 IF ABS(E)>.125 THEN GOTO 200

230 ouTPUT 723 ;"IP 8T"

287 SEND 7 ; UNL MLA TALK 23 SCG 1
300 ENTER 7 ; F

IT ABS{R-F)>.125 THEN GOTO 230
IF TIME>120 THEN GOTO 340

280

O O O
(& 20 o A

Q
" W g
‘v ' O

S Ft H

1
=

"PROGRAM END"
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APPENDIX D
DIGITAL SYSTEM SIMULATION CODE (DSL)

*
* SIMULATION OF THE VALVE CONTROLLED PISTCN
o (VCP) SERVOMECHANISM
K * (LINEAR DIGITAL CLOSED LCOP MODEL)
| %
K|
{BLOCK DIAGRAM CODING)
. *

=

v .
: ) .
= AP = ACTUATCR EFFECTIVE AREA, IN**2 -
3 * 3ETSE = EFFECTIVE BULK MODULUS, PSI b
3 * BP = LCAD DAMPING CONSTANT, LB-SEC/IN. h
j = CCp = EFFECTIVE CAPACITANCE OF TRAPPED FLUID, IN**3/PSI -
3 * ZIG = INPUT GAIN, VOLTS/(INPUT IN IN) -
- * CIp = ACTUATOR INTERNAL LEAKAGE COEFFICIENT, IN**3/SEC-PSI -
* EMaX = MaXIMUM VOLTAGE FCR FEEDBACK TRANSDUCER *
o * ERR = ERROR SIGNAL JUST AFTER SUMMER, VOLTS *
~ ~ ET&F = ACTUATCR FCRCE EFFICIENCY -
: * L = EXTERNAL APPLIED LOAD FORCE, LB -
: =G = LOALC SPRING CONSTANT, LB/IN. =
* Ga = SERVORMPLIFIER OUTPUT GAIN, MA/VOLT v
e * H = FZEDBACK GAIN, VOLTS/IN =
. * I = _IMITED CURRENT SUPPLIED TO SERVOVALVE, MA *
) e = LINEARIZATION MIDPOINT FOR VALVE CURRENT, MA -
* IMAX = SERVO VALVE MAXIMUM CURRENT, MA v
¥ = IZED = LIMITED CURRENT REQUIRED, MA *
p * KZE = EFFECTIVE LEAKAGE COEFFICIENT, IN**3/SEC/PSI *
* XCI = VALVE FLOW PRESSURE COEFFICIENT, IN**3/SEC PSI *
AP = CONTROLLER GAIN, (DIMENSIONLESS) *
- A Aeht = LINEARIZATION CONSTANT FOR VALVE FLOW GAIN, IN**3/SEC MA *
‘ﬁ RV = MODIFIED VALVE FLOW GAIN, IN**3/SEC-MA-SGRT(PSI) *
* uT = TCTAL ACCELARATED MASS, LBS*SEC**2/IN *
. * FL = LIMITED LCAD PRESSURE DROP, PSI *
. * PL3 = LINEARIZATION MIDPOINT FOR LOAD PRESSURE DROP, PSI x
. * 2L1 = UNLIMITED LOAD PRESSURE DROP, PSI *
b * PLMAX = MAXIMUM PERMISSIBLE LOAD PRESSURE DROP FOR MODEL, PSI *
* P35 = SUPFLY PRESSURE, PSI *
.
: 44
-
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:! T2 = FLOW FOLLOWING SUMMER, IN**3/SEC *
N pRd = LIMITED VALVE FLOW, IN~-3/SEC *
:: ™ gLl = UNLIMITED VALVE FLCW, IN**3/SEC ~
T JLMAX = MAXIMUM PERMISSIBLE VALVE FLOW FOR MODEL, IN*~3/SEC -
=T = TOTAL VOLUME UNDER PRESSURE, IN**3 -
~ 1P = PI3TCN/LOAD PCSITION, IN *
~ WED = PISTCH/LCAD SFEED, IN/SEC =
RE = INPUT OR COMMANDED PISTON/LOAD POSITICHN, IN *

TNITIA
T = 0.9
%P = 0.3
%P3 = 0.0
TansT AP = 1.45, 10 = 0.0, GA = 110.9
37 = 103.8, K7 = 0.00352, EMAX = 12.C,
215 = 3.3333, MT = 8,517E-02, ETAF = 1.C,
CIP = B8.1E-03, PS = 800.0, INAY = 232.9,
FL = 0.0, PLO = 0.0, QLMAX = 9.9%¢%5,
5 = 0.0, VT = 44.0, PLMAZ = 4C0.0,
Hoo= 3.2323, BETAE = 3.3E04, KCI = 6.1E-03
%P7 = 9.05
TARAM ¥R = 3.00
*  THIS PART OF THE CODE DEFINES SOME OF THE CONSTANTS
KCE = RCI+CIP
#QI = KV*(PS-PLO)**0.5
CCP = VT/(4.0*BETAE)
Tl = C"2/KCE
T2 = _1T/BP)

* THIS PART OF THE CODE IS THE PLANT FROM THE ANALOG BLOCK DIAGRAlN

0 = I*KQI-XPD*AP
’22: Q//KCE
= REALPL(0.0,T1,02)

F =

PL*ETAF*&P-FL




)
.
"y
n
‘)
0 Ti= F/SP
D ¥PD = REALPL(0.0,T2,Fl)
i “Pl= INTGR '(o 0,XPD)
3 P =LIMIT{0.0,5.00,XP1)
=
) -
LY
o SYNAMIC
1o
L] x
L ~  THIS PART OF THE CCDE REPRESENTS THE MICROCCMPUTER CONTRCLLER aMD
' ~  AMRLIFIER GAIN
N +
;§ ZRR = ((¥R*CIG)-(XP*N))*KPC
o IF (ERR.GT.1.8.0R.EZRR.LT.-1.8) THEN
1o IREQ=209.0*ABS (ERR)/ERR
TISE
4 IREQ=ERR*GA
N INDIF
2, 7= DZLAY(0330,0.350,IREQ)
o = IMFULS(0.C,0.350)
K< :as;g= ZHOLD(X,?)
‘ T = LI

MIT(-IMAX,IMAX,IREQQ)

A, -
" s
. .
v CONTRL FINTIM =02.0C, DELT=0.001
METHGCD RKSFX )
+. Sa7E J.019, ®P,I,ERR
>
_r: PRINT 0.01C, X?,I,ERR
" EN
,“: GRaPH (DE=TEXKS18) TIME(UN='SEC'), XP(UN='IN'), XPEX{UN='IN')
) LASEL LIVEAR CLCSED LOCP DIGITAL MODEL
BY END
v \ -~
P> ::‘ sToP
-.’:
l}‘
s
3
B 7
0
JF
/ &‘:
.
*
va
b= 4
RS
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APPENDIX E

DIGITAL LOGIC TEST DATA

INTEGRATICN METHOD USED **k#~
1

P

.CQ3I0E+0Q0
.QC00CE+Q0
-000C3E+00

Q000QE+J0

.0J3000E+00
.000COE+00
.Q00COE~00
.000%0E+00
.S0000E+00
.CCO00E+00
.CCO00E+Q0
.00000E~00
.000CQE+00
.CCOC00E~+00
.SJ000E+00
.0J0C0E+20
.0J03CE+00
.00000E+CO
.00000E+00
.Q0000E+G0
.020C0E+00
.GO0OCE+D0Q
.00000E+00
.O0000E+CHO
-00000E+G0
.00000E+00
.G0003E+20
.000CCE+00
.00C00E+C0
.0COCO0Z+00
.CJ020E+00
.COC00E+Q0
.00000E+20
.Q0C00E+0D
.00000E+90
.OCO00E+30
.J1428E-03

--’_
-

0.
0
0
0
0
0
0
0
o
0
0
0
0
0
0
0
0
0.
0
0
v
0
0
0
0
0
0
0
0
0
0
0
0
0
0

LISTING, GROUP

T

00000E+00
.0000CE+00
.00COCE+00
.0000CE+CO
.0CQ0CE+Q0
.00000E+00
.00000E+C0
.00000E+Q0
.CO00CE+00
.0C0000E+00
0D0000E+00
000CE+GO
.00000E+00
.00000E+00
.00292E+00
.O0CJ00E+00
.0000QE+00
00000E+0)
.0J000E+00
.00000E+Q0
.00QC0E+00
.00000E+00
.00000E+00
.CO00CE+00
.00000E+00
.0C000E+00
.00COCE+Q0
.0000CE+00
.J0J00E+00
.COQO0E+00
.00000E+0Q0
.Q0QJ0E+QQ
.00G0CE+0Q0Q
.00000E+00
.000Q00E+)0
54.939
54.999

g-

A et _‘-'_--..> .

n ,; ~

O O O o

OOOOOOOOOOOOOOOO(DOKD

O

O O o o

@I d e Ncle e NolNol o)

ERR

.49999
.438999
.49393
.49999
.49999
.49999
.49999
.49999
.49999
.45999
.49999
.495999
.49999
.489¢99
.439%89
.49999
.49999
.49999
.49999
.49999
.4993%9
.49999
.49999
.49999
.438999
.49999
.49999
49299
.49999
.49999
.45999
.49999
.49999
.439999
49599
.4%9%9
.49583




.999

1.33a00 2.35711E-C2  54.999 5.49627
238000 4.37206E-02 £4.335 3.49271
L R §.71974E-32  34.939 3.45%153
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